Background. The coronary microvasculature may be abnormal even in the presence of angiographically normal epicardial arteries. Abnormalities of small coronary vessels have been invoked as a cause of angina.
Methods and Results. To quantitatively evaluate the morphology of capillaries in patients with idiopathic dilated cardiomyopathy (DCM) or the syndrome of angina and small vessel disease (SVD), we performed electron microscopic morphometry of capillaries in right ventricular biopsy samples taken from 32 patients. Ten had angina, normal epicardial coronary arteries, and evidence for SVD; 12 had DCM; and 10 had normal hearts. In patients with DCM, the ratio of microvessels to myocytes was Figure 3 ). Findings of endothelial cell necrosis with partial or total occlusion of the lumen by the swollen endothelium (Figures 4 and 5) were subclassified as severely pathological. The prevalence of pathological and severely pathological vessels and the ratio of vessels to myofibers were calculated for each patient.
Twenty to 60 capillaries were present in each biopsy specimen. Of these, 10-30 were photographed on 33-mm film and studied with computerized measurements. Vessels that were longitudinal and/or excessively compressed or twisted were excluded. The film negatives were projected at a known magnification onto a digitizing tablet (Summagraphic ID-1). Circumferential measurements were made with the aid of a cursor at the level of the inner and outer boundaries of the endothelial cells, the outer boundary of the basement membrane, and the outer perimeter of the entire capillary including pericytes. These data were fed into a PDP-11/34 computer.
One hundred eighty points on each perimeter were identified by the computer by calculating the coordinates of the intersection points of 180 equiangular radii emanating from the center of gravity of the lumen with lines connecting the original circumferentially placed traced points. The thickness of each layer was then measured along these radii between the newly found interpolated points. Mean values and SDs of the radii and the thickness of each layer were computed. For each vessel, five area calculations were then made: the cross section of the entire vessel as bound by the outer perimeter, the lumen, the endothelium, the basement membrane, and the pericytes. The ratios of the areas of the lumen, endothelium, basement membrane, and pericytes to the entire cross-sectional area were also calculated.
In all, 1,580 vessels were counted to determine the ratio of capillaries to myocytes: 615 vessels from DCM patients (51 +±17 vessels per patient), 545 from SVD patients (52+21 vessels per patient), and 420 from normal hearts (40±27 vessels per patient). One hundred fifty vessels from DCM patients, 112 from SVD patients, and 101 from normal hearts were examined by computerized morphometry.
To estimate the amount of fibrosis in the specimens, six to 12 sections from the paraffin blocks were stained with Van Gieson or Masson's trichrome stains. One-micron sections from two or three blocks of plastic-embedded material were also used. The slides were projected onto a television screen with a 100-point grid overlay. Point counts were made on four to 15 In the control group, 6+4% of vessels were considered to be pathological, and 2+3% were severely pathological. The prevalence of pathological vessels was relatively low in the DCM group (16+11%, with 5+3% severely involved; p=NS) but significantly higher in patients with SVD (59t18%, with 37+12% severely pathological; p<z0.001 versus controls) (Table 1 and Figure 6 ).
The ratio of microvessels to myocytes was 0.51+0.05 in controls, 0.49+0.06 in the DCM group (p=NS), and 0.33±0.08 in the SVD group (p<0.001 versus controls). In the normal hearts, average capillary area was 22.7±8.3 jim2, and mean lumen area was 11.6±6.2 gm2. Individual values were normally distributed within the group (Figure 6 ) and within the individual patients. In the DCM group, cross-sectional areas were significantly increased; mean capillary area was 45.3±15.1 jm2 (p<0.001), and mean luminal area was 17.6+6.9 gm2 (p<0.05). The distribution of these values remained normal. In the SVD group, total capillary area was 32.4±19.7 jim2, and luminal area was 8.9±7.8 jim2. In this group, the values for the total microvessel and luminal areas were not normally distributed and differed significantly from those of controls (p<0.01) and DCM patients (p<0.001) when the Kolmogorov-Smirnov test was applied. As can be seen in Figure 6 , some vessels in the SVD group had a severely reduced luminal area, with the distribution skewed to the left. pectoris.7-9 We reported on a group of patients with these findings1 and noted a slow flow in the epicardial coronary arteries, frequent supraventricular tachyarrhythmias, and conduction disturbances that occasionally required implantation of a permanent pacemaker. The patients also had left ventricular wall thickening, an enlarged right ventricle, and reduced compliance of both ventricles. Histological assessment of endomyocardial biopsy samples showed abnormal microvessels with fibromuscular hyperplasia, myointimal proliferation, and endothelial abnormalities consisting of swollen degenerative cells en- croaching on the lumen. Myofiber hypertrophy, lipofuscin deposition, and patchy fibrosis were also found.
In the present study, we quantitatively assessed the ultrastructural microvascular findings in endomyocardial biopsy samples from patients with DCM, patients with SVD, and patients with normal hearts. The observed ratio of microvessels to myocytes in right ventricular biopsy samples from normal hearts was similar to that reported by Billingham et al.19 In hearts from patients with DCM, this ratio was unchanged, although a possible increase in myofiber In the normal hearts, the distribution of values for total vessel area and lumen area was gaussian. Although the mean microvessel size in DCM patients was markedly increased, the distribution of values for vessel size remained normal. In contrast, the distribution of the values for total vessel area in SVD patients was skewed with values extending higher than in normal controls (more than 45 am') and an absence of vessels smaller than 15 gsm' (Figure 6 ). Mean lumen area in SVD patients was not dramatically different from that of controls. However, examination of the histograms (Figure 6) shows that the distribution of the values for lumen area is skewed to the left and that many vessels have markedly narrowed lumens. Perhaps some spared vessels underwent compensatory dilatation, causing the wide range of values.
In the SVD group, the endothelium was the main target of pathological change. This confirms our previous qualitative impression that in idiopathic SVD, swollen endothelial cells cause a considerable narrowing of the lumen.' Causes of endothelial swelling include ischemic, toxic, and immunological injury. Some of the ultrastructural changes in the SVD group resemble those seen in ischemia. 22 Because the epicardial coronary arteries in our patients were widely patent, spasms of the smaller arteries and arterioles might have been responsible for the microvessel ischemic changes. Mild spasm could become enhanced by release of vasoconstrictor substances (e.g., endothelin) from injured endothelium,23,24 and a cycle could thus be established, leading to further endothelial changes and angina. Small vessel pathology resulting from immunological reactions like those seen in autoimmune diseases or cardiac allograft rejection25,26 is also similar to the SVD changes described in the present study. However, our patients did not suffer from autoimmune disease and had normal blood globulins and erythrocyte sedimentation rates. Other conditions that could be responsible for endothelial damage, such as hypothalamic stimulation, alcohol, chemical toxins, and viral infections,27 28 do not appear to apply to the cases we present.
Similarities between hypertensive and idiopathic SVD have been described previously.17 Two of our SVD patients suffered from hypertension. Their ultrastructural characteristics were similar to those of the normotensive patients with SVD. Elimination of these patients from the SVD group did not change the statistical significance of the results.
There was no apparent cause, including selection bias, for the predominance of men in our series. In other studies of patients with angina pectoris and angiographically patent coronary arteries, both male29 and female30 predominance have been reported, as has been no sex predominance. 31 The reason for this is unknown.
Limitations
Because of the nature of the biopsy procedure, only vessels in the subendocardium of the right ventricular septum could be examined. Thus, the described changes may not fully reflect the morphology of the remainder of the myocardium. Also, the vessels were not fixed in their distended, in vivo state and were therefore subject to artifactual changes of distortion, compression, and even tearing. Such changes were seen in all three groups. However, we excluded excessively distorted vessels from the present study. Furthermore, the specific capillary changes of endothelial swelling and cellular atrophy were not found in any of the biopsy samples from normal hearts, including those with vessels that were too distorted for morphometric analysis. Thus, the artifactual findings did not appear to overlap with the specific pathological changes of interest. Finally, for the present study, we focused attention on changes in capillaries and did not evaluate myofiber size; however, this information may be relevant to the interpretation of capillary fiber ratio.
Summaty
We have described morphological features of coronary capillaries in patients with either DCM or SVD. In the former group, the capillaries were enlarged, with all components of vessel wall enlarged to similar degrees. In the patients with SVD, there was evidence for capillary destruction. In addition, more than half of the capillaries had luminal narrowing resulting from endothelial swelling. These changes could lead to ischemia and be responsible for angina pectoris in patients with SVD.
